Abstract Neovascularization has been linked to the progression and vulnerability of atherosclerotic lesions. Angiogenesis is increased in lipid-rich plaque. Hypoxia-inducible factor alpha (HIF-1α) is a key transcriptional regulator responding to hypoxia and activating genes, which promote angiogenesis, among them vascular endothelial growth factor (VEGF). Oxidized low-density lipoprotein (oxLDL) is generated in lipidrich plaque by oxidative stress. It triggers an inflammatory response and was traditionally thought to inhibit endothelial cells. New data, however, suggest that oxLDL can activate HIF-1α in monocytes in a hypoxia-independent fashion. We hypothesized that HIF-1α activation in monocyte-macrophages could transmit proangiogenic effects of oxLDL linking hyperlipidemia, inflammation, and angiogenesis in atherosclerosis. First, we examined the effect of oxLDL on HIF-1α and VEGF expression in monocyte-macrophages and on their proangiogenic effect on endothelial cells in vitro in a monocyte-macrophage/endothelial co-culture model. OxLDL strongly induced HIF-1α and VEGF in monocyte-macrophages and significantly increased tube formation in cocultured endothelial cells. HIF-1α inhibition reversed this effect. Second, we demonstrated a direct proangiogenic effect of oxLDL in an in vivo angiogenesis assay. Again, HIF-1α inhibition abrogated the proangiogenic effect of oxLDL. Third, in a rabbit atherosclerosis model, we studied the effect of dietary lipid lowering on arterial HIF-1α and VEGF expression. The administration of low-lipid diet significantly reduced the expression of both HIF-1α and VEGF, resulting in decreased plaque neovascularization. Our data point to oxLDL as a proangiogenic agent linking hyperlipidemia, inflammation, and angiogenesis in atherosclerosis. This effect is dependent on macrophages and, at least in part, on the induction of the HIF-1α pathway.
Introduction
Recent observations have linked intimal neovascularization to atherosclerotic lesion progression and vulnerability [1] [2] [3] [4] [5] . Increased neovascularization and high numbers of inflammatory cells are a hallmark of lipid-rich plaque; however, the mechanisms linking hyperlipidemic conditions and enhanced angiogenesis are not well understood. Some investigators reported an association between intraplaque angiogenesis and deposition of lipoproteins from "leaky" microvessels [6] . LDL in its oxidized form is a strong chemoattractant for monocytes and it is abundant within lipid-rich lesions exerting powerful biological effects through multiple pathways [7] [8] [9] [10] . Hypoxia-inducible factor alpha (HIF-1α) is also expressed in atheroma and is a key transcriptional regulator of genes promoting angiogenesis such as vascular endothelial growth factor (VEGF) [11] [12] [13] [14] [15] . Recent reports have linked hypoxia in human atherosclerotic tissue to HIF-1α and VEGF expression, even though the methodology of measuring tissue hypoxia is not trouble-free [12, 16] . Of note, monocytes and macrophages have oxygen tension sensing capacity and respond to hypoxic stress in various tissues [17] [18] [19] . In addition to hypoxic signals driving intimal angiogenesis, oxidative stress is increasingly implicated as well [16, [20] [21] [22] [23] . A hypoxiaindependent activation of HIF-1α by oxidized low-density lipoprotein (oxLDL) has been described in vitro in monocytes [24] . We hypothesized that oxLDL could transmit proangiogenic signals via monocyte-macrophages linking hyperlipidemia, inflammation, and angiogenesis. To test this hypothesis, we examined HIF-1α activation in monocytemacrophages exposed to oxLDL and tested their proangiogenic effect in a co-culture model with endothelial cells. We also tested for a proangiogenic effect of oxLDL in vivo using the Matrigel plug assay. Lastly, we evaluated the effect of dietary lipid lowering on intimal HIF-1α and VEGF expression and on intimal neovascularization in a rabbit atherosclerosis model.
Materials and Methods

In Vitro Effects of OxLDL and Hypoxia on Human Monocyte-Macrophages
Mononuclear cells from peripheral blood of healthy human subjects were isolated by Ficoll Paque (Amersham Biosciences) density gradient centrifugation. A highly pure (>99 %) CD14+ monocyte population was obtained by MACS cell sorting (Miltenyi Biotec). Cell viability was verified by Trypan blue staining. Monocytes were seeded at a density of 1×10 6 cells/ml in eight-well chamber slides (Nalgene Nunc) containning RPMI 1640 (Gibco) with 1 % penicillin/streptomycin and 1 % heat-inactivated FCS. LDL (Sigma) was CuSO 4 -oxidized in vitro as previously published [7] . The oxidization of LDL was verified by agarose gel electrophoresis. Adherent monocytes were grown at 37°C and then were treated either only with oxLDL (75 μg/ml) or with oxLDL combined with hypoxia for 6 h. Hypoxia was induced in a sealed modular incubator chamber (Billups-Rothenberg) flushed with 1 % O 2 , 5 % CO 2 , and 94 % N 2 (1 % O 2 ). Normoxia was maintained by placing the cells in a routine 5 % CO 2 and 95 % room air incubator (20 % O 2 ).
Transcriptional Activity Assay for HIF-1α
The transcriptional activity of HIF-1a was measured under normoxic conditions in cells treated either with oxLDL alone or with oxLDL and the antioxidant tiron (Sigma). Untreated cells or cells treated with tiron alone served as controls. Nuclear extracts of monocyte-macrophages were prepared. HIF-1α transcriptional activity was determined by an ELISAbased Trans-AM HIF-1α kit (Active Motif). Specificity of HIF-1α binding was confirmed by incubating nuclear extracts with immobilized AP-1 consensus-binding probe in the presence of excess WT or mutated oligonucleotide.
Immunocytochemistry
Quantitative evaluation of cellular expression of HIF-1α and VEGF was based on immunocytochemistry. Monocyte-macrophages cultured on chamberslides were washed and subsequently stained using immunofluorescent labeling with anti-HIF-1α and anti-VEGF primary antibodies in conjunction with secondary antibodies conjugated to FITC or Texas Red. DAPI was used for nuclear counterstaining of all cultured cells. Two different fields were chosen randomly in each well and photographs were taken with dark-field microscopy and appropriate excitation filters. The number of all DAPI-positive nuclei per field was counted as well as the number of DAPI-positive nuclei associated with Texas Red or FITC signals using Image Pro Plus software. Cells labeling positive for either antigen were expressed as percentage of total cells per microscopic field. For each experiment, at least three wells per condition were seeded and examined, and each experiment was replicated three times.
In Vitro Monocyte-Macrophage and Endothelial Cell Coculture System Ice-cold growth factor-depleted Matrigel (Becton Dickinson) was placed into 24-well plates and polymerized for 30 min at 37°C. Human umbilical vein endothelial cells (HUVECs), which were starved for 24 h in DMEM (Gibco) containing 5 % FCS but no VEGF, were seeded onto polymerized Matrigel (10 4 cells/well). After attachment of HUVECs, the in vitro co-culture model was assembled by placing transwell chambers (Corning) with or without monocytes (5×10 4 cells/well) on top of the endothelial cells (Fig. 1, panel 2) . Six different experimental groups were prepared: group 1 consisted of HUVECs alone without stimulation, group 2 comprised HUVECs and monocytemacrophages in co-culture without treatment, group 3 comprised HUVECs treated with oxLDL (20 μg/ml), group 4 included HUVECs and monocyte-macrophages in coculture both treated with oxLDL, group 5 consisted of HUVECs alone treated with the HIF-1α inhibitor chetomin (Alexis Biochemicals) at a concentration of 50 nM [25] , and group 6 included HUVECs and monocyte-macrophages in co-culture both treated with oxLDL and chetomin (Fig. 1,  panel 2) . After 12 h, transwell chambers were removed and evaluation of endothelial tube formation was performed.
Two different fields were chosen randomly in each well and photographs were taken with a phase-contrast microscope. The length of the tubes was measured using Image Pro Plus software and expressed as average length (micrometer) per microscopic field. For each experiment, at least three wells per condition were seeded, and each experiment was replicated three times.
In Vivo Matrigel Plug Assay
The five experimental groups for this in vivo angiogenesis assay consisted of two control groups with growth factordepleted Matrigel (0.5 ml/plug) containing no VEGF (negative control), or containing VEGF at a concentration of 300 ng/ml (positive control) and three treatment groups with growth factor-depleted Matrigel containing oxLDL (20 μg/ml) alone, VEGF combined with chetomin, or oxLDL combined with chetomin [25] (Fig. 2) . These Matrigel preparations were injected s.c. in the midventral abdominal region of 6-week-old C57BL/6 mice (n=5/group). After 2 weeks, animals were euthanized and the plugs were removed. The plugs were fixed with formalin and paraffinembedded. Five-micrometer-thick serial sections were stained with hemtaoxylin-eosin staining. The length of erythrocyte-filled blood vessels was measured at a magnification of ×200 as previously reported [26] . In addition, endothelial cells were labeled using vWF antibody (Dako) or Ulex lectin (B&D) staining. Alternatively, plugs were harvested and homogenized in RIPA lysis buffer. After the removal of debris by centrifugation, the hemoglobin concentration was measured using Drabkin's reagent (SigmaAldrich).
Atherosclerosis Induction in Rabbits and Study Design
Atherosclerosis was induced in male New Zealand White rabbits (n=18, age 3 months, weight 3.5±0.2 kg) by a combination of 9 months of high-cholesterol (HC) diet (0.2 % cholesterol) and double balloon endothelial denudation as previously described [27] . This model results in the induction of advanced aortic atherosclerotic lesions [27, 28] . In brief, aortic endothelial denudations were performed at 1 and 3 months after HC diet initiation using a 4-F Fogarty embolectomy catheter introduced via the iliac artery. All procedures were performed under general anesthesia induced by an intramuscular ketamine injection (20 mg/kg) and xylazine (10 mg/kg). At the end of the 9 months of the atherosclerosis induction period, the rabbits were randomized to continued HC diet or to normal chow (NC) for six additional months. At the time of randomization, the serum cholesterol was 630±125 mg/dl for the HC diet group and 721±143 mg/dl for the NC diet group. At the end of the treatment, the serum cholesterol had remained high with HC diet at 526±108 mg/dl and had steeply dropped with NC diet to 27±10 mg/dl (P<0.01 vs. time of randomization and vs. HC group). All procedures and animal care were approved by the Institutional Animal Care and Use Committee and were in accordance with the "Guide for the Care and Use of Laboratory Animals" (National Research Council, Washington, D.C.: National Academy Press 1996).
Tissue Preparation Tissue harvesting and preparation was performed as previously described [27] . Briefly, the rabbits were euthanized using a 5-ml i.v. injection of "Sleepaway" (Fort Dodge Animal Health). Heparin at a dose of 100 U/kg was injected intravenously 5 min prior to euthanasia to prevent postmortem thrombosis. The aortic root was cannulated, and the aorta was immediately flushed with 250 ml of PBS at pH 7.4. The ascending aorta, arch, and thoracic aorta were excised and snap-frozen in liquid nitrogen. The abdominal aorta was further perfused with cold (4°C) 4 % paraformaledhyde in PBS at 100 mmHg. Serial sections of the aorta immediately distal to the origin of the left renal artery were cut at 3 mm intervals and subsequently paraffinembedded for histology and immunohistochemistry. To quantify the extent of atherosclerotic disease, serial sections (4 μm) of the aorta were prepared as previously described [27] , and atherosclerotic lesions in the aortic root were examined at five locations.
Protein Extraction and Western Blot
Expression of HIF-1α and VEGF protein was evaluated by Western Blot. Briefly, aortic tissue was sonicated and lysed for 30 min on ice in lysis buffer supplemented with a mixture of proteinase inhibitors (Sigma). The samples were cleared by microcentrifugation (14,000 rpm, 30 min, 4°C) and assessed for protein concentration. One hundred micrograms of protein per sample was electrophoresed in a 10 % sodium dodecyl sulfate-polyacrylamide gel and electroblotted onto nitrocellulose membranes. After incubation in 1 % casein blocking buffer, the membranes were exposed to antibodies against HIF-1α (R&D) and against VEGF (Santa Cruz). After washing, the appropriate secondary antibody was applied for 1 h at room temperature. The bound antibodies were visualized by enhanced chemiluminescence (Amersham Pharmacia Biotech). Beta-actin labeling was used for control of loading conditions.
Histology and Immunostaining
Serial sections of abdominal aorta were stained by the combined Masson's elastin method. Immunohistochemistry was performed on adjacent sections for HIF-1α (Novus), VEGF (R&D Systems), and antirabbit macrophage clone RAM-11 (Dako). Primary antibodies were detected with a HRP-streptavidin/biotin secondary antibody system (Biogenex) and counterstained with hematoxylin. In negative controls, primary antibody was substituted with the appropriate control IgG. HIF-1α and VEGF co-expression was validated by immunofluoresence double labeling using FITCand Texas Red-coupled secondary antibodies (Jackson Immuno Laboratories). Neovessels were detected by staining with anti-CD31 (Dako) and anti-vWF (Dako) antibody.
Morphometry
The percentage of plaque cells expressing HIF-1α, VEGF, and RAM-11 was determined by computerassisted planimetry (Software: Image-Pro-Plus 3.0.1). Intimal neovascularization was defined as tubuloluminal CD31-positive/vWF-positive structures recognized in cross-sectional and longitudinal profiles as identified by double immunohistochemistry with CD31 and vWF at ×400 magnification. Neovessel density was calculated by taking the total number of neovessels and dividing it by plaque area. Neovessel area was the sum of crosssectional area of all neovessels measured. Neovessel content is defined as percentage of total plaque area covered by neovessels. Quantification was calculated for three contiguous, nonoverlapping sites for each individual section. Investigators performing the analysis were blinded to the study groups.
Statistical Analysis
Results are expressed as mean ± SEM. For data analysis, the SPSS/PC+ software was used. After testing for normal distribution, ANOVA was used to compare variables. Correlation coefficients were determined by Pearson's test. Probability values were two-tailed and corrected for ties. P values<0.05 were considered significant.
Results
Effect of OxLDL on HIF-1α and VEGF Expression in Monocyte-Macrophages In Vitro
Untreated control monocyte-macrophages did not express HIF-1α at detectable levels and only very low levels of VEGF (Fig. 1, panel 1) . In contrast, exposure to oxLDL, even at normoxic conditions, resulted in a significant upregulation of both HIF-1α (23±5 vs. 0.0±0 %; P<0.05) and VEGF (37±6 vs. 4±2 %; P<0.05) expression. Double labeling demonstrated colocalization of HIF-1α and VEGF in monocyte-macrophages treated with oxLDL ( Fig. 1, panel  1 ). Cells treated with native LDL or oxidized albumin did not exhibit labeling for HIF-1α or VEGF (data not shown).
These data corroborate the findings by Shatrov et al. [24] . The degree of the upregulation of HIF-1α and VEGF expression in response to oxLDL was comparable to the increase observed under hypoxic conditions (HIF-1α 28± 5 % and VEGF 38±6 %). The combination of hypoxia and oxLDL treatment induced an even further increase in the expression of HIF-1α and VEGF (HIF-1α 38±6 % and VEGF 53±9 %). Assessing HIF-1α activation at the transcriptional level, we also found a strong enhancement of transcription after treatment with oxLDL ( Fig. 1, panel 2) . Interestingly, this stimulatory effect of oxLDLwas practically abolished by co-treatment with the antioxidant (tiron) (Fig. 1, panel 2) .
Effect of OxLDL on Angiogenesis in MonocyteMacrophage/Endothelial Cell Co-culture
We determined the effect of oxLDL on angiogenic activity in a co-culture assay with monocyte-macrophages and endothelial cells (HUVECs) as shown in Fig. 1, panel 2 . HUVECs were seeded on growth factor-depleted Matrigel 
cultured under normoxia without oxLDL (a, e), under normoxia with oxLDL (b, f), under hypoxia without oxLDL (c, g), and under hypoxia with oxLDL (d, h). A strong induction of HIF-1α and VEGF by oxLDL was observed independent of the presence of hypoxia (×400). i-k Double labeling for HIF-1α (i) and VEGF (j) showed clear co-localization of both antigens in single oxLDL-treated monocytes (overlay in k) (×1,000). l Quantitative evaluation confirmed the significant increase in HIF-1α and VEGF expression with oxLDL treatment to a degree similar to hypoxia-induced expression. Combining oxLDL and hypoxia further enhanced the expression of both HIF-1α and VEGF (ANOVA, P<0.05). m Transcriptional activation of HIF-1α as measured by the Trans-AM assay was elevated significantly in monocytes treated with oxLDL. Of note, co-treatment with the antioxidant (tiron) abrogated HIF-1α transcriptional activation induced by oxLDL (ANOVA, , d) , treated with the HIF-1α inhibitor chetomin (e), or with oxLDL and chetomin (f). HUVECs grown alone on growth factor-depleted Matrigel did not show significant tube formation (a) and were used as negative control. HUVECs under the same conditions grown in the presence of untreated monocytes did not show tube formation either (b). Likewise, HUVECs grown alone but treated with oxLDL did also not show signs of tube formation (c). However, HUVECs grown in the presence of oxLDL-treated monocytes did show extensive tube formation (arrows) reflecting increased angiogenic activity (d). Of note, cotreatment of monocytes with the HIF-1α inhibitor chetomin significantly suppressed the proangiogenic effect of oxLDL treatment (f) and chetomin did not have an effect on HUVECs alone (e). g Schematic drawing of the monocyte endothelial co-culture system for determining capillary tube-like structure formation. h Bar graphs comparing the length of endothelial tube formation as measured in micrometers. In summary, groups 1-3 and 5 served as various controls, and groups 4 and 6 were the two treatment groups as described from a to f (ANOVA P<0.01; error bars ± SEM) Fig. 2 Effect of oxLDL on in vivo angiogenesis in Matrigel plug assay. a-j Growth factor-depleted Matrigel was used in an in vivo angiogenesis assay (Matrigel plug assay). Representative pictures for each condition were taken at low (×100) (a-e) and at intermediate (×200) magnification (f-j). As negative control, growth factor-depleted Matrigel was used alone and no capillary networks were observed (a, f). As positive control, growth factor-depleted Matrigel containing 300 ng/ml VEGF was used, and extensive capillary networks were seen (b, g). When combining VEGF treatment with the HIF-1α inhibitor chetomin, the extensive capillary network formation induced by VEGF was unchanged (c, h). Using growth factor-depleted Matrigel containing oxLDL, capillary networks as extensive as those seen with VEGF treatment were noted (d, i). Importantly, when combining oxLDL treatment with the HIF-1α inhibitor chetomin, the increased capillary network formation induced by oxLDL was nearly completely abrogated (e, j). k-n High power magnification (×1,000) of serial sections of tissue containing oxLDL-treated Matrigel plug stained with anti-CD31 antibody (k, m) reveals that erythrocyte-filled capillary networks seen with H&E staining (l, n) are lined by endothelial cells. o Bar graph comparing the number of capillary networks identified by visual field for each condition. In summary, oxLDL-induced capillary network formation even exceeded that induced by VEGF and, most notably, in contrast to VEGF, was abrogated by treatment with the HIF-1α inhibitor chetomin (ANOVA, P < 0.01; error bars ± SEM). p Bar graph comparing Hgb concentration of Matrigel plugs identified by Drabkin's reagent for each condition. In summary, oxLDL resulted in the highest Hgb concentration and its effect was abrogated by treatment with the HIF-1α inhibitor chetomin (ANOVA, P<0.01; error bars ± SEM) to avoid baseline tube formation. As expected, control wells containing HUVECs alone showed only minimal tube formation under these conditions and served as negative control. The addition of monocyte-macrophages to the transwell chamber did not change the absence of endothelial tube formation. However, co-culture of HUVECs and monocytes-macrophages in the presence of oxLDL (20 μg/ml) resulted in a dramatic increase in endothelial tube formation (Fig. 1, panel 2) . Of note, exposure of HUVECs to oxLDL in the absence of monocyte-macrophages did not induce an increase in endothelial tube formation. Importantly, the HIF-1α inhibitor chetomin strongly reduced endothelial tube formation in the oxLDL-treated HUVEC/monocyte-macrophage co-culture (Fig. 1, panel  2) . Chetomin did not show any effect on HUVECs alone.
Effect of OxLDL on Angiogenesis In Vivo
When growth factor-depleted Matrigel without VEGF was used in the Matrigel plug assay in vivo, as expected, practically no vascular channel formation was observed (Fig. 2a, f) . In contrast, when oxLDL (20 μg/ml) was added to the growth factor-depleted Matrigel, a profound increase in vascular channel formation (29±4 mm of blood vessels per high power field) was observed (Fig. 2d, i) . For comparative purposes, the addition of VEGF (300 ng/ml) induced 22±2 mm of blood vessels per high power field, illustrating the strength of the proangiogenic effect of oxLDL (Fig. 2b, g ). Of note, the proangiogenic effect of oxLDL was strongly blunted by the HIF-1α inhibitor chetomin (from 29±4 to 6±1 mm; P<0.05) (Fig. 2e, j) . The addition of chetomin to VEGF-treated Matrigel did not modify vascular channel formation (Fig. 2c, h ). Hemoglobin concentration in Matrigel plugs was the highest with oxLDL and VEGF treatment at 1.7±0.2 and 1.4±0.2 mg/ml, respectively, both significantly higher than the control group (0.2±0.1 mg/ml; P<0.05). Of note, the addition of chetomin to oxLDL in Matrigel plugs also signicantly reduced the hemoglobin concentration (1.7 ± 0.2 vs. 0.5 ±0.2 mg/ml; P<0.05) (Fig. 2) .
Effect of Dietary Lipid Reduction on Angiogenesis and Expression of HIF-1α and VEGF in Experimental Atherosclerosis
Neovascularization, especially in plaque shoulder areas, was present in atherosclerotic lesions of hyperlipidemic animals on continued HC diet (Fig. 3a-d) . In contrast, neovessels were only very rarely seen in the intima of normolipidemic animals that resumed regular chow diet (Fig. 3i-l) . Robust and concordant expression of HIF-1α and VEGF was observed in the intima of hyperlipidemic rabbits in close association with RAM-11-positive macrophages (HIF-1α at 11±4 % and VEGF at 16±5 % of intimal cells) (Fig. 4) . Both HIF-1α and VEGF expressions showed a significant positive correlation with neovessel density in the intima (r = 0.81, P <0.01 and r = 0.89, P < 0.01, respectively). Colocalization of HIF-1α, VEGF, and RAM-11 signals was confirmed by immunofluorescence triple labeling identifying macrophages as a source of intimal HIF-1α and VEGF (Fig. 4) . Dietary lipid reduction practically abolished the expression of HIF-1α and VEGF in the intima and diminished macrophage numbers (Fig. 4) . Western blotting also showed a strong reduction in the amount of HIF-1α and VEGF protein in the atherosclerotic aorta of rabbits treated with dietary lipid reduction compared to animals on continued HC diet (Fig. 4) .
Discussion
Overall, our observations suggest a strong proangiogenic effect of oxLDL, which is transmitted by monocyte-macrophages and involves HIF-1α activation. Initially, using in vitro conditions, we described that oxLDL upregulates HIF-1α transcriptional activity and VEGF expression in monocyte-macrophages in a hypoxia-independent manner, confirming data by Shartov et al. [24] . In essence, oxLDL converted ordinary monocytes, at least in part via HIF-1α activation, into VEGF-enriched cells with possible potent proangiogenic potential. The antioxidant tiron significantly blunted the increase in HIF-1α transcriptional activity after oxLDL treatment, suggesting oxidative stress-mediated oxLDL effects.
The effect of oxLDL on HIF-1α and VEGF expression in monocyte-macrophages was comparable to the effect of hypoxia. Hypoxia-induced VEGF expression in monocytes-via the HIF-1α pathway-has been established by several groups [12, 15, 29] . However, the physiologic relevance of hypoxia as the main cause for increased angiogenic activitity in atherosclerotic plaque remains controversial. This is partly due to methodological difficulties in assessing tissue hypoxia in vivo and ex vivo [16] . In addition, evidence is mounting that oxidative stressors, in addition to hypoxia, are key contributors to angiogenesis in atherosclerosis [16, [20] [21] [22] [23] . These recent data also would better explain prior observations attributing differing degrees of neovascularization rather to differences in atherosclerotic lesion composition (especially lipid content) than to lesion size and oxygen diffusion distances alone [3] .
To determine if monocyte-macrophages exposed to oxLDL can exert the postulated proangiogenic effect on endothelial cells, we devised a monocyte-macrophage/endothelial cell co-culture assay on growth factor-depleted Matrigel. In this system, endothelial tube formation was very low at baseline, and exposure of endothelial cells to oxLDL in the absence of monocytes did not enhance endothelial tube formation. However, when endothelial cells and monocyte-macrophages together were exposed to oxLDL, a dramatic increase in endothelial tube formation was observed. This indicates to us the induction of a truly functional proangiogenic monocyte-macrophage phenotype by oxLDL.
Our data showing strong proangiogenic effects of oxLDL in the monocyte-macrophage/endothelial cell co-culture system stand in contrast to previous data showing the inhibition of VEGF-mediated angiogenesis by oxLDL via decreased Akt phosphorylation in endothelial cells and in endothelial progenitor cells [30] [31] [32] . In recent years, evidence of complex and angiogenesis enhancing interactions between macrophages and endothelial cells has been increasing. Activated macrophages secrete a multitude of growth factors and inflammatory cytokines that can stimulate the activation and proliferation of endothelial cells. These include several proangiogenic mediators beyond the VEGF family such as interleukin-1β, TNFα, and basic fibroblast growth factor [33] . In addition, macrophages have been shown to release molecules guiding angiogenesis, like semaphorins [34] . Recent findings also indicate that macrophages secrete microvesicles, which are capable of modulating endothelial cell biology [35] . This set of tools allowing communication between macrophages and endothelial cells is likely involved in our coculture system, making it very plausible, that activating In contrast, after normalization of serum lipids, the microvascular structures are nearly completely absent from a largely fibrotic intima and vWF immunostaining is only seen at the luminal endothelial layer (i-l). m Bar graphs comparing neovessel content (percent intimal area covered with neovessels) and neovessel density (intimal neovessels per square millimeter) with high-vs. lowlipid diet. Hyperlipidemia resulted in strikingly enhanced neovascularization compared to animals with normolipidemic conditions (independent sample t test, P<0.01; error bars ± SEM). f-g High power magnification showing double immunofluorescence labeling for CD31 (f) and for vWF (g) with significant overlay (h) of both signals confirming the endothelial lining of microvascular structures of hyperlipidemic animals signals from oxLDL-treated macrophages outweigh any direct inhibitory effects of oxLDL on the nearby endothelial cells. Further studies are needed to determine the contribution of the individual pathways involved beyond the activation of HIF-1α and VEGF expression reported in our study.
In this context of divergent data on the effect of oxLDL on angiogenesis, recent in vitro data also suggested direct . a-h Nuclear HIF-1α (a, e) and cytoplasmic VEGF (c, g) expressions (arrows) are both located in intimal areas (ni) with a strong macrophage presence as indicated by RAM-11 immunostaining (b, f) (arrows) in atheroma of rabbits on high-lipid diet. i-o In atheroma of rabbits on low-lipid diet, HIF-1α (i, m) and VEGF (k, o) were nearly absent and only a few macrophages labeled by RAM-11 could be found (j, n). l Bar graph comparing the percentage of intimal cells expressing HIF-1α, VEGF, and RAM-11 in atheroma of rabbits on high-vs. low-lipid diet (independent sample t test, P<0.01; error bars indicate ± SEM). p-t High power magnification showing triple immunofluorescence labeling for HIF-1α blue (q) (note the nuclear staining pattern also seen by conventional peroxidase labeling as shown in a), for VEGF in red (r) and for macrophages in green (s) with significant overlay (t) of all three signals in foam cell-rich intima of hyperlipidemic animals. u, v Arterial protein analysis using Western blot shows a strong reduction in the amount of HIF-1α(u) and VEGF (v) protein as a result of dietary lipid normalization with low-lipid diet (lanes C and D) compared to continued high-lipid diet (lanes A and B) . Betaactin is shown as a loading control proangiogenic effects of oxLDL, but only when given at a very low concentration (5 μg/ml) [36] . In our hands, oxLDL at a higher concentration (20 μg/ml) was not proangiogenic per se but required the presence of monocyte-macrophages to exert its angiogenic effect on HUVECs. This observation is relevant for the physiology of atherosclerosis, where the presence of macrophages is closely linked to plaque progression. The ability of oxLDL to convert monocyte-macrophages into cells with strong proangiogenic properties is, at least in part, mediated by the HIF-1α pathway, since cotreating oxLDL-treated endothelial cells and macrophages with the HIF-1α inhibitor chetomin suppressed endothelial tube formation.
To test the relevance of these in vitro findings for the possible in vivo proangiogenic potential of oxLDL, we applied a similar experimental design to the wellestablished Matrigel plug assay [37] . Under in vivo conditions, oxLDL again showed strong proangiogenic effects compared to growth factor-depleted Matrigel (Fig. 2) . To our knowledge, this is the first evidence of a direct proangiogenic effect of oxLDL in vivo. The extent and quality of neovascular networks observed with oxLDL treatment closely matched those seen in VEGF-treated Matrigel plugs. When quantified by Hgb content measurements, the amount of oxLDL-induced angiogenesis even surpassed VEGFinduced angiogenesis (Fig. 2) . Of note, also in vivo, the proangiogenic effect of oxLDL was blunted by the HIF-1a inhibitor chetomin. The addition of chetomin to VEGFtreated Matrigel did not show inhibitory effects pointing to HIF-1α activation as a prerequisite unique to oxLDLmediated angiogenesis.
Dietary lipid lowering is an approach that has been effectively used to lower oxLDL levels in humans and different animal models [38] [39] [40] [41] . To test for a possible lipidmediated modulation of HIF-1α and VEGF expression in atherosclerosis, we performed dietary lipid lowering in the rabbit atherosclerosis model. This approach avoids confounding effects of the postulated "pleiotropic effects" of lipid-lowering drugs [42] . Six months of regular chow diet resulted in a dramatic reduction in intimal neovascularization, which was paralleled by a strong concomitant reduction of HIF-1α and VEGF expression, in pre-established atherosclerotic lesions (Figs. 3 and 4) . In contrast, continued hyperlipidemia resulted in high expression of HIF-1α and VEGF in macrophages closely correlating with the further increase in intimal neovascularization (Fig. 3) in the preestablished lesions. Colocalization of HIF-1α and VEGF in RAM-11-positive macrophages was observed by immunofluorescence triple labeling (Fig. 4) . The decrease in macrophage HIF-1α and VEGF expression with dietary lipid lowering was complemented by a strong reduction in the amount of aortic HIF-1α and VEGF protein as seen by Western blotting.
Taken together, oxLDL seems to serve as a critical link between lipids, inflammation, and angiogenesis in atherosclerosis. The proangiogenic effect of oxLDL is not possible without the presence of macrophages and, at least in part, depends on the induction of HIF-1α transcriptional activity converting monocyte-macrophages into potent proangiogenic cells. This mechanism could be underlying the previously reported ability of oxLDL to be a marker of atherosclerosis progression in patients with CAD and its suggested possible prognostic significance [43] [44] [45] . Conversely, any intervention reducing oxLDL, such as dietary lipid lowering or other lifestyle changes, might reduce not only inflammation but also intraplaque angiogenic activity. Future therapeutic modulation of angiogenesis in atherosclerosis should selectively target the conversion of monocytemacrophages into the proangiogenic phenotype and, thus, the main source of local VEGF, rather than systemically block this growth factor, which is of great physiological importance to maintain luminal endothelial integrity in the vascular system.
